The rotationally resolved infrared spectrum of the B+-D2 ion-neutral complex is recorded in the D-D stretch vibration region (2805-2875 cm−1) by detecting B+ photofragments. Analysis of the spectrum confirms a Tshaped equilibrium geometry for the B+-D2 complex with a vibrationally averaged intermolecular bond length of 2.247 Å, around 0.02 Å shorter than for the previously characterised B+-H2 complex [V. Dryza, B. L. J. Poad, and E. J. Bieske, J. Am. Chem. Soc. 130, 12986 (2008)10.1021/ja8018302]. The D-D stretch band centre occurs at 2839.76 ± 0.10 cm−1, representing a −153.8 cm−1 shift from the Q1(0) transition of the free D2 molecule. A new three dimensional ab initio potential energy surface for the B++H2 interaction is calculated using the coupled cluster RCCSD(T) method and is used in variational calculations for the rovibrational energies of B+-H2 and B+-D2. The calculations predict dissociation energies of 1254 cm−1 for B+-H2 with respect to the B++H2 (j = 0) limit, and 1313 cm−1 for B+-D2 with respect to the B++D2 (j = 0) limit. The theoretical approach reproduces the rotational and centrifugal constants of the B+-H2 and B+-D2 complexes to within 3%, and the magnitude of the contraction of the intermolecular bond accompanying excitation of the H2 or D2 sub-unit, but underestimates the H-H and D-D vibrational band shifts by 7%-8%. Combining the theoretical and experimental results allows a new, more accurate estimation for the B+-H2 band origin (3939.64 ± 0.10 cm−1). 
I. INTRODUCTION
Interactions between dihydrogen and metal ions play a central role in hydrogen storage in porous materials, including zeolites, metal-organic frameworks, and nanostructures doped with light elements. [1] [2] [3] [4] [5] Chemists are developing these materials to reversibly bind and store hydrogen in a form that is safer than compressed H 2 gas and which can be used for mobile applications. To optimise these materials it is crucial to understand the nature of the M + · · ·H 2 interaction. Perhaps the clearest view of the bond between a metal cation and a hydrogen molecule is gained by forming and spectroscopically characterising M + -H 2 complexes in the gas phase. This has motivated us to characterise a series of M + system possesses two stable structures, the electrostatically bound B + -H 2 complex (Figure 1(a) ), and a covalently bound HBH + form (Figure 1(b) ). [17] [18] [19] The electrostatic complex has a C 2v equilibrium structure, as favoured by the charge-quadrupole interaction between the B + cation and the H 2 molecule. Interconversion between the electrostatic complex (Figure 1(a) ) and the more stable covalent form (Figure 1(b) ) entails surmounting a 252 kJ mol −1 barrier associated with a change in electron configuration. 18 To explore the fundamental B + · · ·H 2 interaction, we have previously recorded the infrared (IR) spectrum of the B + -H 2 complex in the H-H stretch region. 26 The spectrum, in which rotational substructure is clearly resolved, is consistent with a T-shaped equilibrium geometry and a vibrationally averaged intermolecular bond length of 2.26 Å (Figure 1 ). Unfortunately, the information that could be extracted from the spectrum was limited by the fact that only the K a = 1-1 subband was observed (corresponding to complexes containing ortho H 2 ). For this reason we could only estimate the ν HH band origin as 3940.6 ± 1. 
II. POTENTIAL ENERGY SURFACE FOR B + -H 2
Ab initio calculations for the PES were performed employing electronic structure methods within the MOLPRO 2006 suite. 27 The calculations were done with an augmented, correlation-consistent basis set of quadruple-zeta quality (aug-cc-pVQZ) for the hydrogen and B atoms, 28, 29 with the 1 s orbital on the B atom unfrozen. The basis was augmented with an additional set of 3s3p2d2f1g bond functions placed in a mid-distance between B + and the H 2 center-of-mass. 30 The reference wave function for subsequent coupled-cluster calculations has been obtained at the restricted Hartree-Fock level. The electronic correlation energy is accounted for by using a partially spin-restricted coupledcluster approach including single and double excitations and perturbational triple excitations [RCCSD(T)] with explicit correlation of all electrons. 31, 32 The PES for the B + -H 2 system is expressed in terms of the Jacobi coordinate system (r, R, θ ), where r denotes the internuclear vector for the H 2 molecule, R is the vector joining the H 2 center-of-mass and the B + ion (defining the z axis of the body-fixed frame), and θ is the angle between r and R. The interaction energy was calculated using a supermolecular approach:
(r, R, θ ), (1) where E B + −H 2 (r, R, θ ) is the total molecular energy, while E DCBS B + (r, R, θ ) and E DCBS H 2 (r, R, θ ) are the total monomer energies of B + or H 2 calculated in the basis set of all bodiesthe dimer centered basis set (DCBS). This form for the interaction energy explicitly corrects the basis set superposition error using the standard counter-poise correction scheme.
The PES points were calculated over a grid in which r varies from 1.0 to 2.8 bohr in steps of 0.2 bohr, θ has five values (0
• , 67.5
• , and 90
• ), and R ranges from 3.0 to 40 bohr in 42 steps. Ab initio points are available from the authors upon request. The total PES is represented by the sum of the interaction PES, V (r, R, θ ), described above, and the accurate potential for the H 2 diatomic monomer U(r). 34 An analytic representation of the three-dimensional PES was obtained using a reproducing kernel Hilbert space (RKHS) method. 35 The procedure was the same as described previously for the Mg + -H 2 system.
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The intermolecular PES for the B + +H 2 interaction, with the H-H bond length fixed to 0.747 Å is shown in Figure 2 . The form of the PES is dictated by the electrostatic charge-quadrupole and induction charge-induced-dipole interactions between the B + and H 2 components. The minimum in the T-shaped configuration, favoured by both electrostatic and induction interactions, corresponds to r HH = 0.757 Å, R = 2.249 Å, and an energy 1557 cm −1 below the B + +H 2 asymptote. The linear configuration, where the electrostatic interaction is repulsive and the induction interaction is attractive, represents a saddle point (r HH = 0.747 Å, Table I . Agreement is very good, although our calculations predict slightly larger elongation of H-H bond (0.016 Å) upon interaction with the B + ion and larger bond energy owing to the use of better saturated basis set.
III. ROVIBRATIONAL CALCULATIONS FOR B
+ -H 2 AND B + -D 2
A. Rotational energy levels
The interaction PES described above was used to calculate rovibrational energy levels as described in Ref. 36 . Complete details of the calculated rovibrational energy levels for B + -H 2 and B + -D 2 are provided as supplementary material.
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In brief, the full three-dimensional Hamiltonian expressed in Jacobian coordinates is simplified by separating diabatically the fast H 2 vibrational motion. 38 The resulting twodimensional (2D) problem with effective potentials for each vibrational state of H 2 fragment, n HH = 0 and 1, is solved variationally using the basis set constructed from numerical radial functions and analytical symmetry adapted free-rotor spherical functions. 36 The latter brings the full Hamiltonian matrix for each total angular momentum quantum number J (excluding nuclear spin) into four blocks (two and three blocks for J = 0 and 1, respectively) according to two parity indexes, p i related to the inversion parity p = p i (−1) J , and the permutation parity p j . 39 p j = +1 and −1 correspond to complexes containing para H 2 (ortho D 2 ) and ortho H 2 (para D 2 ), respectively.
The calculations were performed for each Jp i p j block and were converged for the six lowest vibrational energy levels. The levels are classifiable using the nomenclature for an asymmetric top (J K a K c ), and according to the number of quanta in the H 2 stretch mode (n HH = 0 or 1) and in the intermolecular stretching and bending vibrational modes (n s and n b , respectively).
To test the 2D approach, we also calculated J = 0 to 5 energies for the lower vibrational levels with n HH = 0 using a full 3D approach. Generally, there is a good agreement between the two methods, both for the rotational energy of the ground vibrational state and also for the energies of the higher intermolecular stretching and bending vibrational states. The main difference is that the 2D approach tends to slightly un- whereas the lowest level of B + -D 2 (para) (the J = 1, K a = 1 level) lies 1338 cm −1 below the B + +D 2 (j = 1) limit. Assignment of most low lying energy levels is straightforward. However, analysis of several higher intermolecular stretch and bend levels is complicated by Fermi and Coriolis interactions. Specifically, for B + -H 2 , there is a Coriolis interaction between the n HH = 0, n b = 1, K a = 1 levels and adjacent n HH = 0, n s = 2, K a = 0 levels. Although the vibrational energy of the n HH = 0, n b = 1, K a = 1 state is lower than that of the n HH = 0, ν s = 2, K a = 0 state (543.3 cm −1 compared to 563.4 cm −1 ), the rotational constant is larger, leading to a crossing of the zero order manifolds at J = 9-10. Similarly, there are Coriolis interactions between the n HH = 1, n s = 1, K a = 1 levels and nearby n HH = 1, n b = 1, K a = 0 levels. In this case the vibrational energies are very similar (398.1 cm The rotational levels of the ν s , 2ν s , and ν b manifolds (available as supplementary material 37 ) were also fitted to the expression
2 to give rotational and centrifugal distortion constants that are listed in Table IV .
The rovibrational calculations for B + -H 2 enable the ν HH band centre to be defined more precisely than in the original spectroscopic study, in which only the K a = 1-1 sub-band, associated with complexes containing ortho H 2 , was observed. 26 Fits to the calculated levels allow the separation of K a = 0-0 and K a = 1-1 sub-bands to be predicted (-3.53 cm −1 ) so that the experimental ν HH band center can be estimated as 
IV. IR SPECTRUM OF B + -D 2
The arrangement for recording IR spectra of mass selected ions has been described previously. 6, 40 The precursor B + -D 2 complexes were formed by introducing B + ions from a laser ablated boron nitride rod into a supersonic expansion of D 2 gas. After passing through a skimmer, the B + -D 2 ions were mass selected by a primary quadrupole and deflected by 90
• into an octopole ion guide where they encountered the counter-propagating output of the tuneable IR light-source (Continuum Mirage 3000, line-width 0.017 cm −1 ). The B + fragment ions resulting from resonant absorption of an IR photon were mass selected by a second quadrupole mass filter and finally sensed using a micro-channel plate coupled to a scintillator and a photomultiplier tube. Typically, populations of charged complexes formed in the supersonic expansion ion source have a rotational temperature of 30-40 K. Transition wavenumbers are corrected for the small Doppler shift arising from the ions' kinetic energy (10 eV) in the octopole guide where they overlap with the IR radiation. The IR spectrum of B + -D 2 in the D-D stretch (2800-2880 cm −1 ) is shown in Figure 3 . The form of the spectrum, which displays three overlapping K a = 0-0, 1-1, and 2-2 sub-bands, accords with expectations for a T-shaped complex and is consistent with the previously recorded infrared spectrum of B + -H 2 . 26 Excitation of the H-H or D-D sub-unit leads to a transition dipole moment lying along the principle axis of the molecule (intermolecular bond), and a parallel IR transition. Asymmetry doublets are clearly resolved for the K a = 1-1 sub-band (see enlargement of the Q-branch region in Figure 3 ), but not for the K a = 2-2 sub-band for which the spacing is predicted to be much smaller.
Altogether Watson A-reduced Hamiltonian for an asymmetric rotor, 41 yielding the band centre for the ν DD transition, ground and excited state B and C rotational constants, and J and JK centrifugal distortion terms. For fitting individual sub-bands, both A and A were constrained to 29.907 cm −1 , the ground state rotational constant of the bare D 2 molecule. 42 When two or more sub-bands were fitted together, A was constrained to 29.907 cm −1 whereas A was allowed to vary. It is worth noting that values of the other constants are relatively insensitive to substantial variations in A or A . Spectroscopic constants obtained from the fits are presented in Table III . The supplementary material 37 includes a complete list of the observed transitions, assignments in terms of a near prolate asymmetric rotor model, and deviations from the line positions predicted using the parameters in Table III .
V. DISCUSSION
Here we consider the nature of the B + ···H 2 interaction in light of the IR spectra of B + -H 2 and B + -D 2 and the new B + +H 2 PES and rovibrational calculations. The B + -H 2 and B + -D 2 spectra, with their prominent K a = 0 sub-bands are qualitatively consistent with the ab initio PES, which features a pronounced minimum in the T-shaped configuration lying 1050 cm −1 below the linear configuration (Fig. 2) . The vibrationally averaged intermolecular bond length for B + -D 2 deduced from the ground state rotational constant (B ) is 2.247 Å, slightly less than for B + -H 2 (2.262 Å), reflecting the reduced amplitude of the zero-point stretching motion resulting from the larger mass of the D 2 sub-unit.
Despite the substantial barrier for internal rotation the bending wave function has significant amplitude in configurations well away from the T-shaped minimum, a consequence of the low mass of the H 2 (D 2 ) sub-unit. The IR spectrum provides subtle evidence for the large amplitude bending vibrations of B + -D 2 and B + -H 2 , particularly through the exaggerated spacing of the K a = 1-1 asymmetry doublets and large differences in the B and C rotational constants. As noted for other M + -H 2 complexes, the value of the A rotational constant derived from B and C constants, assuming a zero inertial defect as expected for a rigid, planar molecule (1/A = 1/C − 1/B), is inconsistent with a reasonable H-H bond length. For example, the H-H and D-D bond lengths deduced from the rotational constants listed in Tables II and III are 0.99 Å and 0.89 Å, respectively. Obviously, the H-H and D-D bond lengths should be very similar and much smaller -the ab initio equilibrium separation is around 0.76 Å. In fact, the complexes are floppy and undergo large amplitude vibrational excursions along the bend coordinates leading to a non-zero inertial defect. These large amplitude motions are accounted for explicitly in the rovibrational calculations.
A. Vibrational band shifts
A characteristic feature of the M + -H 2 complexes is that interaction with the metal cation leads to a reduction in vibrational frequency for the H 2 and D 2 sub-units and increase in the H-H and D-D bond lengths. 16, 43 The ν DD band origin for B + -D 2 occurs at 2839.75 cm −1 , corresponding to a shift of −153.8 cm 
B. Intermolecular vibrational modes
The B
+ -H 2 and B + -D 2 IR spectra currently provide little direct information on the intermolecular bend (ν b ) or stretch (ν s ) vibrational modes and resort must be made to theory for their frequencies. Calculated frequencies and rotational constants for ν s , 2ν s , and ν b , derived from the 2D and 3D rovibrational calculations are reported in Table IV . Generally, the assignments for the calculated vibrational levels are compatible with the rotational constants for the manifolds. For example, the rotational constants for the ν s and 2ν s levels are less than for the ground state, due to increases in the vibrationally averaged intermolecular separation. The intermolecular bend mode, on the other hand, has a very similar rotational constant to the ground state, indicating that, as is apparent from Figure  2 , the radial separation does not change markedly along the bending coordinate. Note however, that the centrifugal distortion constants for the ν b states are systematically larger than the ground state, reflecting the fact that the intermolecular interaction becomes weaker as the system moves towards the linear configuration.
Although we do not measure ν s directly, estimates for the harmonic intermolecular stretch frequency (ω s ) derived from the rotational constant and centrifugal distortion constant (B and J ) by treating the system as a pseudodiatomic are around 10% larger than the stretching frequencies predicted through the rovibrational calculations (Tables II  and III Although the ν s mode increases in frequency upon excitation of the diatomic sub-unit, somewhat surprisingly, the intermolecular bending mode decreases in frequency (Table IV) . This reduction has neither been predicted nor observed for other M + -H 2 complexes, and is possibly connected with the fact that as the H-H bond is stretched the angular potential progressively becomes more isotropic. Indeed, analysis of the PES shows that when r exceeds ∼1.1 Å, the linear HHB + structure actually becomes favoured over the T-shaped structure. The measured rotational and centrifugal distortion constants for B + -H 2 and B + -D 2 are also reproduced quite well by the 2D and 3D rovibrational calculations. The 3D calculations underestimate B by 1%-2%, corresponding to an overestimation of the vibrationally averaged intermolecular bond length by 0.01-0.02 Å, perhaps an indication that the PES slightly underestimates the strength of the intermolecular interaction. Furthermore, the 2D rovibrational calculations correctly predict the magnitude of contraction and stiffening of the intermolecular bond following excitation of the diatomic sub-unit. Furthermore, the calculations predict the spacings between the K a = 0-0, 1-1, and 2-2 sub-band origins for B + -D 2 to within 0.01 cm −1 . Perhaps the largest discrepancies are for the vibrational band shifts of B + -H 2 and B + -D 2 , which the new PES and 2D rovibrational calculations predict to be -204 and -142 cm −1 , underestimating the experimental shifts (-224 and -154 cm −1 ) by around 8% in both cases. The same discrepancy was found in previous variational calculations for other M + -H 2 complexes. 8, 11, 12 Although inaccuracy of the PES cannot be ruled out as a possible origin, we tend to attribute it to the use of 2D approximation, which expresses the 2D intermolecular PES as an average over the vibrational motion of the unperturbed H 2 molecule in the n HH = 0 and n HH = 1 states. This approach becomes less accurate for systems in which the interaction with the metal cation significantly affects the H-H potential. One therefore finds better agreement between the 2D and 3D results for complexes with smaller distortion of the H 2 fragment. It is difficult to quantify the defect of 2D approximation for the n HH = 1 levels because they are not amenable to 3D variational calculations as they are metastable with respect to vibrational predissociation.
C. Assessing the B
De Silva et al. have performed ab initio calculations at the CCSD(T)/cc-pVTZ level for the B + -H 2 complex, using a vibrational self consistent field (VSCF) method to account for vibrational anharmonicity. 25 Generally, the VSCF anharmonic frequencies are much closer than the harmonic frequencies to the values predicted from our rovibrational calculations. The predicted redshift for ν HH is -202 cm −1 (similar to our prediction of -204 cm −1 ), whereas the VSCF frequency for ν s is 306 cm −1 , again similar to our prediction (311 cm −1 from the 3D calculations). On the other hand, the VSCF frequency for ν b (480 cm −1 ) is somewhat larger than our value (425 cm −1 from the 3D calculations). The same trends hold for other M + -H 2 complexes considered in Ref. 25 . Potentially the VSCF approach, which relies on derivatives of the potential energy at the equilibrium configuration, may not adequately describe the large amplitude bending mode that corresponds to a frustrated internal rotation.
The zero-point corrected dissociation energy, 1116 cm −1 , is around 11% less than our value (1254 cm −1 ) and 16% less than the measured value. Ultimately, direct spectroscopic measurements of the ν s and ν b modes would provide firmer tests of our PES and rovibrational calculations and the VSCF calculations. 
VI. CONCLUDING REMARKS

